Abstract-This paper presents the design considerations of a doublesided transverse flux machine (TFM) for direct-drive wind turbine applications. The TFM has a modular structure with quasi-U stator cores and ring windings. The rotor is constructed with ferrite magnets in a flux-concentrating arrangement to achieve high air gap flux density. The design considerations for this TFM with respect to initial sizing, pole number selection, key design ratios, and pole shaping are presented in this paper. Pole number selection is critical in the design process of a TFM because it affects both the torque density and power factor under fixed magnetic and changing electrical loading. Several key design ratios are introduced to facilitate the design procedure. The effect of pole shaping on back-emf and inductance is also analyzed. These investigations provide guidance toward the required design of a TFM for direct-drive applications. The analyses are carried out using analytical and three-dimensional finite element analysis. A prototype is under construction for experimental verification.
INTRODUCTION
Direct-drive configurations of electric machines in wind turbines avoid the drawbacks associated with gearing configurations. The concept of a transverse flux machine (TFM) was first introduced in 1885 by W. M. Morday. It gained more attention in the late 1980s after it was reintroduced and named as such by Weh [1] - [3] . The major advantage of a TFM compared to a radial flux machine and axial flux machine is in the decoupling of the space requirement of the stator teeth and the armature conductors. As a result, the magnetic and electrical loading can be set independently, which allows for higher torque densities [4] . A TFM suffers from a low power factor and construction complexities [5] .
TFMs are generally divided into two broad categories based on their magnet position: surface mounted and flux concentrated. The machines in [6] - [11] are examples of surface-mounted TFMs. The structure generally has U-core stators wherein the alternate poles are not utilized, resulting in a magnet utilization of 50%. The leakage reactance is also high in this topology of motor. An exterior stator version of this motor was presented in [7] . The use of iron bridges in the stator to increase magnet usage was proposed in [8] . The authors in [6] further studied this model and compared it to the traditional TFM through three-dimensional finite element analysis (FEA). According to their analyses, TFMs with iron bridges are superior because they increase the magnet utilization by 84%. A different topology with laminated U-core stators and stator bridges, ring windings, and axially magnetized permanent magnet rings was proposed in [9] . Single-sided TFMs with stator bridges and outer rotors were discussed in [10] , [11] . The machine used ring windings and laminated U-shaped stator cores for easier manufacturing.
Another interesting type of TFM is the Z-TFM, discussed in [12] . In the Z-TFM, surface permanent magnets and alternate intermediate poles are used to maximize magnet usage. The output of the machine is twice that of a conventional surface-mounted TFM; however, flux leakage and iron losses are much higher in this machine topology.
A flux-concentrating TFM is the other widely used type of TFM. This type of machine is preferred due to their higher power factor, air gap flux density, and high torque density; however, this type of machine poses a greater challenge in terms of construction. Weh proposed the first double-sided flux-concentrating TFM in [13] , [14] .
The comparison in [15] demonstrated that the TFM has a higher torque per volume and torque per mass than the induction machine. The advantages and disadvantages of different topologies of TFMs were discussed in [16] . The flux-concentrating type of TFM has a higher torque density and power factor compared to other types. The power factor is one of the major drawbacks of TFMs [17] , [18] . The analysis and comparison in [18] concluded that the fluxconcentrating type is superior in terms of power factor. It is also noted that higher magneto motive force (MMF) and electrical loading resulted in lowering the power factor.
978-1-5090-0737-0/16/$31.00 ©2016 IEEE A double-sided modular TFM with toroidal windings was proposed in [19] . The winding was exposed to the air in between each stator pole, which helped to improve the cooling of the machine. In this structure, flux-concentrating inset rotor magnets are used with toroidal ring windings. The design allowed for the use of low-remnant flux density permanent magnets. The specific sizing and power density equations related to TFMs are presented in [20] .
A machine combining the concept of intermediate poles in [12] and modular toroidal windings with fluxconcentrated magnets [19] was presented in [21] , [22] . In [21] , the authors presented an analytical model of the double-sided flux-concentrating TFM. A machine designed and optimized for in-wheel applications was presented in [22] . This paper presents a systematic approach to the design considerations for this type of machine. Initial sizing, pole number selection, and pole shaping are discussed in detail. The effect of pole number with respect to magnetic and electrical loading on the machine's torque density, losses, and power factor are presented. The effect of pole pitch on back-emf, cogging torque, and inductance are also analyzed. The study is carried out with a 48-V, 1.2-kW, 400-rpm, single-phase, direct-drive wind generator as the base design.
II. DIRECT-DRIVE WIND TURBINE
Wind generator systems are slowly moving away from geared single-speed drives to a direct-drive configuration that increases the system efficiency by avoiding the mechanical losses in the gears [23] . It also increases the system reliability by reducing failures in the gearbox and lowering maintenance downtime. A direct-drive system requires a low-speed, high-torque machine and a power electronic converter for grid connection. Direct-drive generators with permanent magnet excitation offer an added advantage of eliminating excitation losses and reducing the active weight of the machine. The power generation equation for a wind turbine is given in (1):
where is the air density, is the radius of the turbine blade, is the wind velocity, is the aerodynamic conversion factor, is the tip-speed ratio, and is the generator speed obtained from (2) . Typically, the optimum is between 6 and 8, and the optimum is 0.45 [24] . The design parameters, which affect the motor speed, are dependent on the power of the wind turbine. This is illustrated in Fig. 1 and Fig. 2 , which show that as the rating of the turbine increases, the speed decreases.
and were chosen to be fixed at 0.45 and 7, respectively; thus, machines with high torque at low speeds are ideal for wind generator applications. This operating range of low speed and high torque is ideal for transverse flux machines. A 1-kW turbine with a generator speed of 400 rpm is selected as the case study application. The specifications are shown in Table 1 . 
III. DESIGN CONSIDERATIONS
The structure of the transverse flux machine investigated in this paper is shown in Fig. 3 . The air gap flux is axial, the current is circumferential, and the stator core is oriented in the transverse plane. The magnets in this machine are arranged to concentrate the flux in the air gap, as shown in In this machine, quasi-U-shaped stator cores (Fig. 6 ) are used on two sides of the rotor. A ring winding is employed. This winding arrangement allows the pole numbers to be increased without sacrificing the winding area. The stator cores are arranged so that intermediate poles are utilized. The core in one pole carries the flux from the center rotor to the outer rotor, and the other stator in the intermediate pole carries the flux from the center rotor to the inner rotor. 
A. Initial Sizing
The sizing equation for a single-phase TFM can be given by (3): (3) (4) where and are the peak armature winding backemf voltage and current and is the back-emf waveform factor given in (4). The electromotive force, , can be expressed as shown in (5): (5) (6) where is the number of turns; is the emf factor incorporating the winding distribution factor K and the ratio between the area spanned by the salient poles and the total air gap area; is the air gap flux; and is the frequency of the motor, which is dependent on the motor poles and rotational speed. The air gap flux, , can be obtained from (6) , where B g is the air gap flux density, D g is the middiameter of the air gap, H ry is the thickness of the rotor core, and k sp is the fraction of the pole pitch.
Based on the parametric description of the machine, shown in Fig. 5 and Fig. 6 , the D g and can be defined as:
These sizing equations can be used to guide the designer when selecting the parameters for an initial design.
B. Pole Number Selection
The homopolar flux path in the stator cores allows for an increase in VA rating of the machine by increasing the pole number for a given machine geometry (outer diameter and axial length), current, and magnetic loading. This can be illustrated by the equation for electrical loading (
:
Increasing the pole number reduces the peripheral length of the poles. The amount of flux linking the stator conductor remains the same (neglecting leakage flux), but the rate of change of flux linkage increases, thereby increasing the back-emf of the machine for the same mechanical speed; however, increasing the pole number increases the flux leakage, which degrades the power factor, thus setting a limit on the number of poles [4] . This is shown in Fig. 7(a) . It is possible to maintain the same electrical loading by reducing the current and increasing the pole numbers. This would also result in increasing the torque density by reducing the stator mass. The effect of changing the pole numbers on torque density and power factor with the same current loading is investigated, and the results are shown in Fig. 7(b) . Increasing the pole numbers also increases the amount of core losses that affect the motor efficiency, as shown in Fig. 8 . The core losses are increased due to the higher excitation frequency at rated speed. In the machine with a fixed current, the efficiency drops after a peak because the core loss dominates; however, in the machine with a fixed Am, the copper losses are also reduced with increased pole numbers. Copper losses are the dominant loss factor in the investigated range of pole numbers; therefore, a reduction in copper losses results in an overall efficiency increase even if the core losses are increasing. 
C. Effect of Key Design Parameters
Key design parameters and design ratios that affect the machine's torque density and power factor are investigated for different pole numbers (18, 30 , and 42).
Air gap length :
Decreasing the air gap length increases the average torque of the machine by increasing the backemf voltage, as shown in Fig. 9(a) . The machine weight is not affected, thus torque density increases, as shown in Fig.  9(b) . Power factor improves with the small air gap due to lower leakage, as shown in Fig. 9(c) ; however, increased cogging torque and issues with eccentricity limit the air gap length. 
Flux Focusing Factor
: The magnetic loading of the machine can be changed by changing the air gap flux density. The focusing factor, , is determined by the ratio of the magnet face area and the pole face area, as shown in (10): (10) where is the air gap flux density, is the magnet residual flux density, is the area of the magnet area in the magnetization direction, and is the area of the centre pole in the axial face. Based on the machine's geometric description, the focusing factor can be expressed as: (11) The effect of changing the flux-focusing factor on the air gap flux density is shown in Fig. 10 .
Increasing the also increases the active weight of the machine; however, the increase in machine torque is more significant, resulting in increased torque density. This effect is more prominent in machines that have high pole numbers, as shown in Fig. 11 . Increased magnetic loading also improves the power factor of the machine, as shown in Fig 9 . In all of these cases, the electrical loading defined by (9) was kept the same. 
Design ratios and :
To aid the design procedure, a design ratio is introduced. It is defined as: (12) where is the inner diameter of the machine, and is the outer diameter of the machine. This is a popular design ratio in axial flux machines. The selection of this ratio is a key design step in the design of this topology of machines. In this machine, laminations are stacked together to form the rotors and stators. As a result, to maintain the same flux in the three rotor poles, the pole lengths are selected to be the same, as expressed by: (13) The investigation for this was carried out by keeping the outer diameter fixed. The width of the pole length and magnet length were changed to vary the inner diameter. For a more convenient analysis, a design ratio is introduced. It is defined as: (14) The effect of changing for different on torque density and power factor is presented in Fig. 12-Fig. 14 for machines with different number of poles. Increasing the results in a decreasing trend in the power factor and torque density. The results indicate a very nonlinear relationship between and ; thus, a thorough optimization of these parameters was carried out for an optimum design. In this research, a 30-pole machine was selected for fabricating (taking cost and construction complexity into account), and it is found that the optimum for this pole number is at 0.6 for maximum torque density and power factor. 
D. Pole Pitch
The back-emf waveform is an important design aspect in permanent magnet machines. The permanent magnets in the proposed TFM provides electromechanical coupling between the stator and the rotor; thus, the waveform shape is crucial in the torque production mechanism of permanent magnet machines. The back-emf waveform factor is defined by K p in (4). The factor in radial machines is shown in (15): 
where is the magnet width; and and are the distribution, slot, skew, and winding factors, respectively. In radial machines, the winding configuration and stator slot selection play a major role in the back-emf waveform factor.
In the proposed TFM, the rotor and stator pole numbers are the same, and ring windings are used; thus, the waveform factor for the proposed machine would take the form of (16): (16) (17) (18) where and represent the rotor and stator pole widths, respectively. To observe the effect of and the concept of pole embrace , is introduced in (17) . is the pole pitch. The stator pole-to-rotor pole overlap ratio, is introduced in (18) . The effect of changing and on torque density and power factor is shown in Fig. 15 . It can be observed that as the is increased, torque density and power factor improve, but with increasing the torque density and power factor deteriorate. The back-emf waveform shape becomes more sinusoidal ( is decreasing) with increasing for a fixed , as shown in Fig. 16 . The back-emf waveform also becomes more sinusoidal ( is decreasing) with a higher ratio of , as shown in Fig. 17 .
The effect of the pole pitch on both the aligned and unaligned inductance is illustrated in Fig. 18 . If the pole embrace is too little, the aligned inductance decreases as expected. Pole embrace beyond an optimum point results in greater leakage. This results in lowering the overall aligned phase inductance. This phenomenon is further supported by the plot of unaligned inductance. The higher pole-to-pole leakage at the high pole embrace results in increasing unaligned inductance. A high results in lowering the fringing fluxes. As a result, a higher inductance is observed. 
E. Material Consideration
The material used for the construction of the machine heavily influences the choice of some of the machine parameters. In the case study application, the rated operating speed is 400 rpm. The choice of the number of poles is dependent on this speed. If a high pole number is selected, the operating frequency would be high. The lamination material and thickness places a limit on the pole number. A lamination steel with a thin gauge would allow for higher pole numbers. In this case study, a 29-gauge M19 steel is selected as the lamination steel. The highest acceptable operating frequency was 100 Hz; thus, a 30-pole machine was selected. A lamination steel with better core-loss properties and/or thinner laminations would have facilitated the use of higher pole numbers for this rated speed. Another option for operating at high frequencies is the use of soft magnetic composite materials for the core [25] , [26] .
In the case study machine, ferrite magnets are used due to their lower cost. From the preceding sections, it is clear that increasing magnetic loading improves the torque density and power factor of the machine; thus, magnets with higher remanence flux densities such as NdFeB or SmCo would greatly improve the machine's power factor and torque density. A 30-pole machine's performance with different magnets is shown in Table II . Based on these trends and design considerations, a 30-pole, 400-rpm, 1.2-kW machine has been designed. The electromagnetic analysis was performed in threedimensional flux. The model was meshed with second-order elements. The mesh of the model is shown in Fig. 19 . The machine was designed for a maximum flux density below 2 T, as demonstrated by the flux density at the aligned and unaligned positions in Fig. 20 and Fig. 21 . The flux direction during the aligned position is shown in Fig. 22 matches with the hypothesis presented in Fig. 4 .
The air gap flux density at the middle of the central rotor core for an entire electrical cycle is shown in Fig. 23 . The machine back-emf voltage at 400 rpm for one side is shown in Fig. 24 .
The torque and current waveforms for the final design are shown in Fig. 25 . A considerable ripple in the torque is observed; however, this is for only one stack of the TFM. Generally, multiple stacks are connected on a single shaft to form a multiphase TFM [10] , [11] . A stacked multiphase version of this machine is ideal for real-world applications. Key parameters are shown in Table III . 
V. CONCLUSIONS
This paper presents the design of a modular, single-phase, double-sided TFM with flux-concentrating setup. The fluxconcentrating principle allows for the use of low-cost ferrite magnets while maintaining a high air gap flux density. A design procedure was presented for this class of machine and used to design a 1.2-kW machine for direct-drive wind turbine applications. The paper investigated the effects of increasing the number of poles for TFMs on the efficiency, torque density, and power factor. Different design ratios are introduced to facilitate the design process. Their effect on torque density, power factor, and inductance are analyzed. Back-emf shaping through the rotor and stator pole width for different pole pitches have also been presented.
